Activation of the N-methyl-D-aspartate subtype of glutamate receptor (NMDA-R) represents a key functional process for memory formation. A decreased synthesis of the NMDA-R coagonist D-serine was recently proposed to contribute to alterations of hippocampus-dependent memory mechanisms with ageing. Nevertheless, other pathways could also be involved and thus considered to be targets of interest to prevent cognitive ageing. Herein, we demonstrate that the Asc-1 subtype of neutral amino acid (nAA) transporters that regulates D-serine and glycine release from neurons could be viewed as one of these targets. At CA3/CA1 hippocampal synapses, Asc-1 activation did not modify basal glutamate neurotransmission either in adult or aged rats. In contrast, Asc-1 activation significantly increased NMDA-R-dependent long-term potentiation (LTP) in both groups of animals and fully rescued the age-related LTP deficits. This rescue in aged animals was observed only when Asc-1 activation was selectively managed by D-Isoleucine (D-Ile), but not when less specifically driven by a mixture of nAA. Similarly, while any activation of Asc-1 improved the isolated NMDA-R-induced synaptic potentials in adult rats, only D-Ile was efficient in aged animals. Taken together, these results strengthen the interest in specifically targeting Asc-1 transporters to better cure ageassociated memory decline.
During the past decade, an increasing number of studies have sought to prevent ageing-related memory decline, especially with regard to newly acquired information (Crook and Larrabee 1988; Grady and Craik 2000; Driscoll and Sutherland 2005; Craik et al. 2007; Luo and Craik 2008; Burke and Barnes 2010; Morrison and Baxter 2012) . Based on the critical integrity of hippocampal networks for memory function, any alterations of mechanisms that regulate neuronal activity and synaptic plasticity in this structure have received much attention in preclinical studies interested in cognitive ageing (Morris et al. 1990; Lynch 2004; Kim and Linden 2007) . For instance, long-term potentiation (LTP) of excitatory transmission is one of the major functional requirements for memory formation (Izquierdo and Medina 1995; Lisman and McIntyre 2001; Kim and Linden 2007) . Thus, LTP impairments have been repeatedly reported in the hippocampus of memoryimpaired aged rodents that probably involve a large mosaic of underlying mechanisms (see (Barnes et al. 1996; Clayton et al. 2002; Eckles et al. 1997; Foster 2002; Shankar et al. 1998; Turpin et al. 2011) . Among the possible mechanisms, the D-serine-related pathway has recently emerged. Along with glycine, this amino acid is required for activation of the Nmethyl-D-aspartate subtype of glutamate receptor (NMDA-R), thus driving LTP at cortical synapses (Henneberger et al. 2010; Fossat et al. 2012; Papouin et al. 2012; Le Bail et al. 2015; Mothet et al. 2015) . Hippocampal levels of D-serine but not glycine are reduced with ageing, which is associated with LTP deficits Potier et al. 2010; Turpin et al. 2011) . Conversely, providing the D-amino acid alleviates age-related impairments of functional plasticity in hippocampal networks (Yang et al. 2005; Junjaud et al. 2006; Mothet et al. 2006; Turpin et al. 2011; Haxaire et al. 2012 ) and rescues memory decline in aged drosophila as well as in old humans (Yamazaki et al. 2014; Avellar et al. 2016) .
To date, the mechanisms that regulate synaptic availability of D-serine are not yet fully elucidated. Although a decrease in D-serine biosynthesis could be in part accountable for the alteration of its synaptic contributions, this does not necessarily fully explain LTP deficits observed with ageing. Indeed, recent evidence indicates that together with glycine, D-serine is released from neurons by the activity of neutral amino acid (nAA) transporters and particularly of the Asc-1 antiporter subtype (Helboe et al. 2003; Matsuo et al. 2004) . Importantly, this dual release significantly regulates NMDA-R activation and LTP expression within hippocampal synapses in adult rodents (Rosenberg et al. 2013; Sason et al. 2017) . Therefore, any alterations of the Asc-1 transporter activity could also contribute to the NMDA-R-related deficits observed during physiological ageing. If so, it may alternately be asked whether facilitating Asc-1 activation could be used to prevent these deficits. To address these issues, the effects of pharmacological activation of Asc-1 transporters with the amino acid D-Isoleucine (D-Ile) have been investigated on NMDA-R-dependent synaptic plasticity at CA3/CA1 hippocampal synapses of adult and aged rats. To ensure the selectivity of the effects, similar experiments were conducted with a broad mixture of nAA that activates not only Asc-1 but also other amino acid transporters including the Alanine, Serine, Cysteine, Threonine (ASCT) subtypes (Rosenberg et al. 2013 ).
Material and methods
All experiments were carried out in accordance with the European Communities Council Directive (63/2010) regarding the care and use of animals for experimental procedures and approved by the local ethics committee. The experiments were conducted with 4-6-month-old 'adult' (n = 50) and 23-26-month-old 'aged' (n = 18) male Sprague-Dawley (RRID-10395233) purchased from Charles River (France). In order to avoid increase in LTP variability because of changes in hormonal environment, experiments were done only in males. No blinding was performed, neither during experiments nor during analysis. Rats were housed in groups of three in Plexiglas cages and maintained on a controlled light-dark cycle, with constant temperature (22 AE 2°C) and ad libitum access to food and water.
Electrophysiology
Transverse hippocampal slices (400 lm) were obtained from male rats anaesthetized with isoflurane before decapitation, as previously described (Potier et al. 2000) . Slices were prepared in ice-cold artificial cerebrospinal fluid (aCSF) and placed in a holding chamber for at least 1 hr. The composition of aCSF (pH 7.4) was as follows (in mM): NaCl 124, KCl 3.5, MgSO 4 1.5, CaCl 2 2.3, NaHCO 3 26.2, NaH 2 PO 4 1.2, and glucose 11. Slices were transferred one at a time to the recording chamber and continuously perfused with aCSF pregassed with 95% O 2 /5% CO 2 .
Extracellular recordings were obtained at 24-27°C from the apical dendritic layer of the CA1 area using glass micropipettes (2-5 MΩ) filled with 2 M NaCl. Presynaptic fibre volleys (PFVs) and field excitatory postsynaptic potentials (fEPSPs) were evoked by electrical stimulation of the Schaffer collaterals and commissural fibres located in the stratum radiatum. Specific NMDA-R-mediated fEPSPs were isolated in slices perfused with low-Mg 2+ (0.1 mM) aCSF supplemented with the non-NMDA-R antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-sulfonamide (NBQX, 10 lM). The averaged slope of three PFVs and fEPSPs was measured using WinLTP â software (WinLTP ltd, Bristol, UK) Collingridge 2001, 2007) . To evaluate the level of receptor activation, the synaptic efficacy (I SE ) determined by the fEPSP/PFV ratio was plotted against stimulus intensity (300, 400, and 500 lA). The effects of exogenous D-isoleucine (D-Ile; 1 mM) or a mixture of nAA, including L-alanine (14 lM), L-serine (36 lM), and L-cysteine (2 lM), was assessed by determining the fEPSP/PFV ratio 15 min after the addition of the amino acids to the aCSF. To investigate LTP expression, a test stimulus was applied every 10 s in a control medium and adjusted to obtain a fEPSP with an absolute baseline slope of 0.1 V/s. The averaged slope of three fEPSPs was measured for 15 min before the delivery of theta-burst stimulation (TBS), consisting of five trains of four 100 Hz pulses each, separated by 200 ms and delivered at the test intensity. This sequence was repeated three times with an interburst interval of 10 s. In pharmacological experiments, D-Ile or nAA was added to the aCSF 10 min before the establishment of the baseline and maintained throughout recording. In all experiments, testing with a single pulse was then resumed for 60 min to determine the level of LTP. All amino acids were purchase from Sigma-Aldrich (Saint Quentin Fallavier, France) while NBQX and D-APV were purchased from Tocris Bioscience (Bristol, UK).
Data analysis
All results are expressed as the mean AE SEM. LTP expression was determined by comparing the values obtained during the last 15 min of recordings after the conditioning stimulation (i.e., 45 and 60 min) to those during the 15 min baseline. Group and/or drugs effects in LTP changes were determined on the last 15 min of recordings from the indicated number of slices. After assessment of the normality of data (Shapiro-Wilk test), a two factor ANOVA repeated measures including treatment (control, D-Ile, and nAA) and age (adult and aged) as the two factors, followed by Bonferroni-Dunn post hoc tests, were used to analyze basal synaptic transmission and LTP magnitude (StatView 5.0). In addition, a paired t-test was used to evaluate the significance of the effects of D-Ile and nAA on isolated NMDA-R synaptic potentials in each group of animals. In all cases, differences were considered significant when p ≤ 0.05. No test for outliers was conducted on the data.
Results

Effects of Asc-1 activation on LTP expression in adult rats
In the control medium, TBS delivered to 13 slices from 10 rats induced a significant potentiation of synaptic transmission [p = 0.0008] that persisted until the end of the recording (Fig. 1a 1 ). This long-lasting potentiation was dependent on NMDA-R activation since it was abolished in slices bathed with 50 lM of the selective competitive antagonist D-APV (10 slices from 6 rats) (not illustrated). The LTP promoted in the D-Ile-containing aCSF in 12 slices from eight rats was significantly larger [p = 0.01] than in control medium (Fig. 1a 1 ) . Similarly, in the presence of nAA, the LTP expression (18 slices from 9 rats) was significantly improved [p = 0.02] compared to control conditions (21 slices from 11 rats) (Fig. 1a 2 ) .
Effects of Asc-1 activation on LTP expression in aged rats
In the next step, we attempted to determine whether Asc-1 activation could also improve LTP expression in aged rats. A statistically higher TBS-induced LTP [p = 0.01] was revealed in the D-Ile-supplemented aCSF (10 slices from 6 rats), when compared to the potentiation recorded in control medium (12 slices in 6 animals) (Fig. 1b 1 ) . It is worth noting that the 18% increase in LTP magnitude obtained in the presence of D-Ile was similar to the percent increase induced by the agonist in adult animals indicating preserved Asc-1 transporter activation with ageing.
In contrast, LTP remained unchanged [p = 0.11] in preparations supplemented with the mixture of nAA (11 slices from 5 aged rats), when compared to the corresponding control recordings (9 slices from 9 aged animals) (Fig. 1b 2 ) .
Effects of ageing on the LTP promoted by Asc-1 activation In the control medium (Fig. 2a) , the LTP magnitude was significantly lower [p = 0.001] in aged animals compared to Fig. 1 Asc-1 activation improves LTP expression at CA3/CA1 hippocampal synapses in adult and aged rats. Time-course comparison of theta-burst stimulation (TBS)-induced LTP in hippocampal slices from adult (a) and aged rats (b). a 1 and b 1 are recordings from control medium (control, n = 13 and 12 slices for adult and aged rats, respectively) versus D-isoleucine-supplemented artificial cerebrospinal fluid (aCSF) (D-Ile, n = 10 slices in both adult and aged animals), while a 2 and b 2 are from control conditions (n = 21 and 9 slices for adult and aged rats, respectively) versus neutral amino acid-supplemented aCSF (nAA, n = 18 and 11 slices). (ns, **, and * for non-significant, p < 0.01 and p < 0.05, respectively, levels of significant differences compared to the mean value of the baseline).
adults (21 slices from 16 rats and 34 slices from 12 rats, respectively).
Similarly, in the presence of D-Ile (Fig. 2b) , the LTP magnitude remained significantly weaker [p = 0.02] in aged rats. Nevertheless, it is worth noting that LTP magnitude in D-Ile-treated slices from aged animals was comparable to the potentiation expressed in control slices from adult rats [p = 0.7] (Figure S1 ), indicating that the selective Asc-1 activation could rescue age-related LTP deficits.
In the presence of nAA, the LTP magnitude was significantly weaker in slices from aged rats compared to either slices from rats in the corresponding adult group [p = 0.01] (Fig. 2c) or to control aCSF slices from adult rats [p = 0.04] ( Figure S1 ). These results are consistent with the fact that non-selective Asc-1 activation by a broad spectrum of nAA improved LTP magnitude in adult but not in aged animals and consequently did not help prevent age-related LTP deficits. Fig. 2 Age-related impairment of LTP expression at CA3/CA1 synapses is reduced only by selective activation of Asc-1 transporters. Time-course comparison of theta-burst stimulation (TBS)-induced LTP in hippocampal slices from adult and aged rats (circles and triangles, respectively): (a) Control artificial cerebrospinal fluid (aCSF) condition (n = 34 and 21 slices for adult and aged rats, respectively), (b) aCSF supplemented with D-isoleucine (D-Ile, n = 10 slices in both adult and aged animals), (c) aCSF supplemented with neutral amino acids (nAA, n = 18 and 11 slices). (ns and ** for non-significant and p < 0.01, respectively, levels of significant differences compared to the mean value of the baseline).
Effects of Asc-1 activation on NMDA-R synaptic potentials in adult and aged rats As mentioned above, LTP induction promoted by the conditioning stimulation was mediated by NMDA-R. To directly assess the integrity of those receptors, experiments were conducted in low-Mg2 + aCSF conditions, while non-NMDA-R were selectively blocked by NBQX. In such conditions, the electrical stimulation of Schaffer collaterals elicited a PFV followed by a D-APV-sensitive fEPSP (Fig. 3a) .
In control conditions, the synaptic efficacy (I SE ) was significantly reduced in aged rats (27 slices from 13 animals) compared to adult rats (35 slices from 16 rats), regardless of the stimulus intensity (p ≤ 0.01) (Fig. 3b) . Further analysis of the I SE components shows that the PFV magnitude was not statistically affected (Fig. 3c) , whereas fEPSPs were significantly diminished (p ≤ 0.01 at all stimulus intensities) (Fig. 3d) , supporting the main contribution of postsynaptic mechanisms in the age-related impairment of NMDA-R activation.
In the D-Ile supplemented medium ( Fig. 4a and b) , I SE significantly increased regardless of the stimulus intensity (p ≤ 0.01) by 15 and 30% in adult and aged animals, respectively, compared to rats in the corresponding control groups (n = 10 and 15 slices from 13 to 7 rats, respectively). Of note, although the D-Ile-induced increase in I SE was significantly larger in aged animals (p ≤ 0.05), it did not overcome the age-related deficits, and a significant decrease remained between D-Ile-treated slices from aged animals and control slices from young animals (p ≤ 0.01).
In the nAA-supplemented bath medium ( Fig. 4c and d ), I SE was significantly increased in adults (15 slices from 11 animals) regardless of the stimulus intensity, but not in aged animals (12 slices from 7 rats) compared to their corresponding control animals.
Effects of Asc-1 activation on basal synaptic transmission in adult and aged rats I SE determined for basal synaptic transmission in control Mg 2+ -containing aCSF ( Figure S2A ) was significantly weaker (p ≤ 0.05) in aged animals compared to corresponding adult animals regardless of the stimulus intensity ( Figure S2B ) (n = 11 and 12 slices from 5 to 6 animals, respectively). In addition, whatever the age of the animal, the supplementation with D-Ile did not change the basal synaptic transmission (12 and 11 slices, respectively), and the agerelated decrease thus remained ( Figure S2C and S2D) . These results emphasize the capacity of Asc-1 transporters to specifically affect NMDA-R, but not non-NMDA-Rmediated activation.
Discussion
Two major conclusions are revealed by the present investigation. First, the Asc-1 subtype of amino acid transporters that manages D-serine and glycine availability at CA3/CA1 synapses does not significantly contribute to deficits of NMDA-R-dependent LTP occurring at those connections in the ageing hippocampus. Second, we show that specific activation of this transporter can be viewed as a new and attractive pharmacological strategy to alleviate mechanisms governing cognitive ageing.
Clinical and preclinical studies suggest that age-related cognitive decline is associated with alterations in synaptic connectivity rather than neuronal loss (Morrison and Baxter 2012) . Notably, alteration of LTP, a key process in memory formation (Morris et al. 1990; Bliss and Collingridge 1993; Izquierdo and Medina 1995) , has been repeatedly reported both ex vivo and in vivo at hippocampal synapses of aged animals (see for review (Bergado and Almaguer 2002; Billard 2006; Foster 2012; Rosenzweig and Barnes 2003) . Recently demonstrated to be the predominant endogenous co-agonist of NMDA receptors required to manage functional plasticity at hippocampal CA3/CA1 synapses (Papouin et al. 2012; Le Bail et al. 2015; Mothet et al. 2015) , the amino acid D-serine has thus gathered increasing interest (Billard 2008 (Billard , 2015 . Alterations of the D-serine synaptic homeostasis occur with ageing. Indeed, levels of endogenous D-serine significantly decrease Potier et al. 2010) , while exogenous supply of the amino acid to hippocampal networks rescues age-related LTP deficits (Yang et al. 2005; Junjaud et al. 2006; Mothet et al. 2006; Turpin et al. 2011; Haxaire et al. 2012) . Additionally, it has been demonstrated that the expression of serine racemase, which catalyses the conversion from L-to D-serine, is decreased with ageing, whereas the D-amino acid oxidase catabolizing enzyme remains unaffected (Turpin et al. 2011; Haxaire et al. 2012) . Although these observations strongly argue for a critical role of altered D-serine metabolism in the aged-related impairment of functional plasticity (Billard 2013) , they did not rule out concomitant dysregulation of other mechanisms controlling the synaptic availability of the NMDA-R co-agonist. For instance, a role for the recently characterized active shuttle of D-serine between neurons and astrocytes involving nAA transporters (Wolosker 2011; Wolosker and Radzishevsky 2013 ) may be postulated. Among these transporters, the Asc-1 antiporter subtype could be particularly critical since, in addition to glycine, it drives D-serine release from neurons either tonically or through hetero-exchange with other nAA (Fukasawa et al. 2000; Helboe et al. 2003; Maucler et al. 2013; Sason et al. 2017) . Notably, Asc-1 transporter blockade was recently found to reduce the magnitude of functional plasticity at CA3/CA1 synapses (Sason et al. 2017) . Accordingly, the present study shows that Asc-1 activation significantly increases the LTP magnitude at those connections (see also (Rosenberg et al. 2013) ). Quite interestingly, we also now reveal that this effect is preserved in the ageing hippocampus and is able to rescue the age-related LTP deficits. These results therefore open an alternative way for the development of new therapeutic strategies targeting the Asc-1 transporter in order to alleviate cognitive impairments associated with age. Of note, the pharmacological stimulation has to specifically target Asc-1 transporters. Indeed, while the selective activation of Asc-1 transporters by D-Ile (Rosenberg et al. 2013 ) was able to reverse age-related LTP deficits, the stimulation with the mixture of nAA failed. One has to consider that a slice preparation is distinct from the in vivo situation to the dilution of extracellular factors including the other amino acids transported by Asc-1 and similar transporters, dilution that could be facilitated in slices from aged animals. In addition, while considering D-serine, one may postulate that nAA-dependent activation may also interfere with other amino acid transporters such as the ASCT subtypes known to remove D-serine from synapses (Ribeiro et al. 2002; Gliddon et al. 2009; Foster et al. 2016) . Regarding the glycine release that is simultaneously driven by Asc-1 activation, the failure of nAA to reverse the agerelated deficits suggests a low contribution of this component in increasing LTP at CA3/CA1 synapses considering that 1) glycine levels are not altered in ageing and 2) this amino acid is not removed from synapses by the other subtypes of nAA transporters as D-serine is (Ribeiro et al. 2002; Gliddon et al. 2009; Foster et al. 2016) .
At CA3/CA1 hippocampal synapses, LTP is driven mainly by a D-serine-dependent activation of the NMDA subtype of glutamate receptors, although glycine also contributes to some extent (Yang et al. 2005; Mothet et al. 2006; Henneberger et al. 2010; Le Bail et al. 2015) . Thus, Fig. 3 Isolated NMDA-R-dependent synaptic activation is impaired in aged rats. Superimposed trace samples of evoked NMDA-R-mediated fEPSPs recorded from a hippocampal slice from an adult and aged rat using a 400 lA current intensity. Effects of age on (b) NMDA-R-mediated synaptic efficacy (I SE defined as the fEPSP/PFV ratio) calculated from (n = 35-27 slices for adult and aged rats, respectively), (c) mean presynaptic fibre volley (PFV) and (d) mean field excitatory postsynaptic potential (fEPSP) according to stimulus intensity (** for p < 0.01).
synaptic regulation of the NMDA-R through changes in Dserine and glycine availability could be the route allowing Asc-1 activation to improve functional plasticity at those connections. Accordingly, we confirm in this study that the stimulation of Asc-1 transporters specifically increases isolated NMDA-related synaptic potentials in adult animals, without affecting the basal neurotransmission mediated by non-NMDA-R (see also (Rosenberg et al. 2013) . In aged rats, we reveal a similar and even higher potentiation effect of D-Ile indicating that the selective modulation of Asc-1 transporters on NMDA-R activation is preserved throughout the lifespan. Although this selective Asc-1 activation does not fully reverse the welldocumented age-related decrease in NMDA-R-mediated synaptic potentials (see (Billard 2006; Kumar 2015 ) for reviews), it appears effective enough to restore a potent NMDA-R-mediated functional plasticity at CA3/CA1 synapses of the ageing hippocampus. This result thus provides further evidence that the specific targeting of Asc-1 transporters may be useful in the search of an alternative strategy aimed at reducing synaptic deficits linked to agerelated memory decline.
Until today, the role of Asc-1 transporters in regulating memory capacities remains uncertain. Because of a concomitant deficiency of glycine synthesis, the deletion of the Asc-1-related gene induces a fatal hyperekplasia-like phenotype that excludes any possibilities of cognitive explorations (Safory et al. 2015) . In addition, the use of recently synthesized Asc-1 inhibitors is actually delayed since these molecules do not yet cross the blood-brain barrier (Brown et al. 2014; Sason et al. 2017) . Nevertheless, blockade of Asc-1 was already once proposed as a putative therapeutic strategy to cure, notably, the cognitive deficits associated with schizophrenia (Yang and Svensson 2008) . By highlighting the efficacy of Asc-1 activation in the context of brain ageing, our results open the perspective of considering this target as truly innovative to reverse memory decline linked to physiological and possibly pathological ageing.
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Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Asc-1 activation with D-Ile but not nAA rescues agerelated LTP deficits. (a) Time-course comparison of theta-burst stimulation (TBS)-induced LTP in control slices (n = 13) from adult and D-Ile-treated slices (n = 0.10) from aged rats (b) Time-course comparison of TBS-induced LTP in control slices (n = 21) from adult and neutral amino acids (nAA)-treated slices (n = 11) from aged rats. (ns and * for non-significant and p < 0.05, respectively). Figure S2 . Asc-1 activation does not affect basal synaptic transmission in adult and aged rats. (a) Superimposed trace samples of evoked non-NMDA-R-mediated fEPSPs recorded in a hippocampal slice from an adult and aged rat in control and D-Ilesupplemented aCSF (full and dotted lines, respectively). (b) Mean fEPSP/PFV ratio according to the stimulus intensity in 12 slices from adult and 11 slices from aged rats. (*p < 0.05). (c) fEPSP/PFV mean ratio in the 12 slices from adult rats according to the stimulus intensity before and after supplementation with the D-Ile (white and black columns, respectively). (d) fEPSP/PFV mean ratio in the 11 slices from aged rats according to the stimulus intensity in the control condition and in the D-Ile-supplemented aCSF condition (white and black columns, respectively).
